Abstract. The first absolute experimental bond dissociation energies (BDEs) for the main heterolytic bond cleavages of four benzylpyridinium Bthermometer^ions are measured using threshold collision-induced dissociation in a guided ion beam tandem mass spectrometer. In this experiment, substituted benzylpyridinium ions are introduced into the apparatus using an electrospray ionization source, thermalized, and collided with Xe at varied kinetic energies to determine absolute cross-sections for these reactions. Various effects are accounted for, including kinetic shifts, multiple collisions, and internal and kinetic energy distributions. These experimentally measured 0 K BDEs are compared with computationally predicted values at the B3LYP-GD3BJ, M06-GD3, and MP2(full) levels of theory with a 6-311+G(2d,2p) basis set using vibrational frequencies and geometries determined at the B3LYP/6-311+G(d,p) level. Additional dissociation pathways are observed for nitrobenzylpyridinium experimentally and investigated using these same levels of theory. Experimental BDEs are also compared against values in the literature at the AM1, HF, B3LYP, B3P86, and CCSD(T) levels of theory. Of the calculated values obtained in this work, the MP2(full) level of theory with counterpoise corrections best reproduces the experimental results, as do the similar literature CCSD(T) values. Lastly, the survival yield method is used to determine the characteristic temperature (T char ) of the electrospray source prior to the thermalization region and to confirm efficient thermalization.
Introduction
T he use of substituted benzylpyridinium ions as Bthermometer^ions in mass spectrometry has been an important area of research since De Pauw and coworkers proposed their use to evaluate the internal energy of ions in soft-ionization techniques [1, 2] using the survival yield method developed earlier [3] . Substituted benzylpyridinium ions have been used to estimate the internal energy of ions in many disparate applications in mass spectrometry, such as electrospray ionization (ESI) [4] , matrix-assisted laser desorption/ionization (MALDI) [5] , traveling wave ion mobility spectrometry (TWIMS) [6] , femtosecond laser desorption ionization (fs-LDI) [7] , and secondary ion mass spectrometry (SIMS) [8] . Determining absolute internal energies of ions using the survival yield method requires a knowledge of the bond dissociation energies (BDEs) of the C-N bond between the pyridine (C 5 H 5 N, Py) and substituted benzylium (RC 7 H 6 + , RBn + ) moieties, reaction 1 ( Figure 1 ). To date, these BDEs have only been determined theoretically.
In this work, we use threshold collision-induced dissociation (TCID) in a guided ion beam tandem mass spectrometer (GIBMS) to quantitatively investigate the thermochemistry of benzylpyridinium (R = H) and three para-substituted benzylpyridinium cations where R = OCH 3 , CH 3 , and NO 2 . Analyses of the kinetic energy-dependent TCID cross-sections yield 0 K experimental BDEs for these compounds. To complement the experimental BDEs, we compare our measured values to theoretical values calculated at three levels of theory and to existing literature values [8] [9] [10] [11] . In addition, although reaction 1 is the dominant dissociation pathway in all four systems, we quantitatively examine competing dissociation processes for p-nitrobenzylpyridinium, the loss of NO 2 , as well as further fragmentation pathways from the main RBn + fragment ion in this system. Also, we examine whether a possible rearrangement process from benzylium to tropylium can be observed [10, 12] , and whether this influences the characterization of ion temperature. Finally, we use the Bthermometer^ions to characterize the source temperature in our instrument.
Experimental and Computational Methods

Synthesis
To synthesize the substituted benzylpyridinium salts, we used a recipe outlined elsewhere [13] . Substituted benzylium salts (benzyl chloride, methylbenzyl chloride, methoxybenzyl chloride, nitrobenzyl chloride) were refluxed in excess pyridine for 2 h. Refluxed liquids were placed onto evaporating dishes and allowed to evaporate. To enhance crystallization, these solids were dissolved in methanol, and these solutions were heated until complete evaporation of the methanol. The crystals were then purified and washed with ethyl ether. The purified benzylpyridinium crystals were then diluted to 10 -4 M solutions in HPLC grade water for injection into the instrument.
Instrumentation
TCID of the four benzylpyridinium cations was performed using a guided ion beam tandem mass spectrometer, which has been described in detail elsewhere [14, 15] . Briefly, benzylpyridinium ions were introduced into the instrument using an electrospray ionization (ESI) source [16] that accepts solutions at a flow rate of 5-100 μL/min through a 35-gauge stainless steel needle located approximately 3-5 mm from a heated capillary inlet (130°C). An applied voltage of~2 kV between the needle and the capillary inlet introduced the ions into the first vacuum stage of the instrument (10 -2 Torr). An 88-plate radio-frequency (rf) ion funnel [16, 17] collected and focused the ions, transferring them to a rf-hexapole where the ions underwent multiple collisions (~10 4 ) with ambient gas. These collisions thermalized the ions to a Maxwell-Boltzmann distribution of rovibrational states at 300 K, as shown in other studies [16, [18] [19] [20] [21] and further explored below. Ions passed into another vacuum chamber (10 -5 Torr) where they were extracted from the hexapole and focused into a magnetic sector momentum analyzer for mass selection. Ions were decelerated to a well-defined kinetic energy before being focused into an rf-octopole ion guide [14, 22, 23] , which passed through a reaction cell containing Xe at well-defined and variable pressures. Pressures in this cell (0.05-0.2 mTorr) were kept low enough so that single collision conditions dominate. The product and remaining reactant ions were guided to the end of the octopole, where they were extracted, mass selected using a quadrupole mass filter, and detected with a Daly detector [24] . Peak ion intensities were converted to absolute reaction crosssections as described in detail previously [14] . The uncertainties for the absolute and relative cross-sections are ±20% and ±5%, respectively. The energy in the lab frame was converted to the center-of-mass frame energy using the equation
Þwhere m and M are the masses of Xe and the ionic reactant, respectively. The distribution of the ion kinetic energies and the absolute zero of the kinetic energy were determined using a retarding potential technique [14] . The ion kinetic energy distributions are Gaussian in shape with full widths at half maximum (FWHM) on the order of 0.15-0.20 eV in the lab frame.
Thermochemical Analysis
The threshold regions of the cross-sections were modeled using a modified line-of-centers empirical formula, Equation 2 [25, 26] , that incorporates Rice-Ramsperger-Kassel-Marcus (RRKM) statistical theory [27, 28] to account for the fact that ions may not dissociate in the timescale of the experiment (τ≈5 Â 10 À4 Þ [15] .
Here E is the relative kinetic energy of the reactants, E 0; j is the threshold energy for dissociation of the reactant ion in its ground state at 0 K into product channel j, ε is the translational energy transferred into internal energy of the ion during collision, σ 0; j is an energy-independent scaling factor for channel j, and n is an adjustable scaling factor that describes the efficiency of collisional energy transfer [15] . The summation is over the rovibrational states of the reactant ions having excitations E i and populations g i , where k tot E * À Á is the unimolecular rate coefficient for the dissociation of the energized molecule (EM) into all product channels, and 
where d j is the reaction degeneracy of channel j, N † j E * À E 0; j À Á is the sum of rovibrational states of the transition state (TS) of channel j, and ρ E * À Á is the density of states of the EM at E * . All vibrational frequencies and rotational constants needed for the TS and EM are taken from quantum mechanical calculations discussed below.
In one system (p-nitrobenzylpyridinium ion), one of the primary products was observed to dissociate readily at higher energies. This sequential dissociation was modeled using methods outlined elsewhere [29] , which utilize statistical assumptions to estimate the energy retained by the primary product and available for sequential dissociation and to handle any competitive sequential processes.
Single collision conditions were determined by acquiring cross-sections at three separate pressures,~0.05, 0.1, and 0.2 mTorr in duplicate and then extrapolating to zero pressure [30] . The internal energies of reactant and product ions were evaluated using the Beyer-Swinehart-Stein-Rabinovich algorithm [27, [31] [32] [33] with relative populations, g i , calculated for a Maxwell-Boltzmann distribution at 300 K. The transition states for C-N cleavage of RBnPy + were treated as loose TSs, resulting from a heterolytic dissociation [34] [35] [36] , in agreement with calculations of deBord et al. [8] . Thus, these TSs were treated at the phase space limit (PSL), where they are productlike, and transitional modes are treated as rotors [25, 26] . Under these circumstances, there is no reverse activation energy and the threshold energies correspond directly to the desired BDEs. Uncertainties in experimental BDEs were determined by modeling at least six individual data sets, adjusting the optimum n parameter by ±0.1, scaling the theoretical vibrational frequencies by ±10%, adjusting the experimental time-of-flight up and down by a factor of 2, and taking into account the absolute uncertainty in the energy scale (±0.05 eV lab). The Supplemental Information provides all frequencies and rotational constants for both RBnPy + and the loose TSs (RBn + + Py) used in these calculations, including the effective rotational constant associated with the external rotor, i.e., the angular momentum of the separating products, Supplementary Tables S1-S5. The external rotor is most correctly treated variationally [25, 26] , as performed in our analysis software, CRUNCH; however, the use of the effective rotational constant should be a good approximation for more routine calculations. For the convenience of other users, the RRKM rate coefficients as a function of energy calculated using the variational approach for all four of the RBnPy + ions are graphed in Supplementary Figure S1 .
Computational Details
All quantum mechanical calculations were performed using the Gaussian 09 D01 suite of programs [37] . Geometries were initially optimized at the B3LYP/6-31G(d) level of theory [38, 39] utilizing the opt=loose criterion (maximum step size of 0.01 au and an RMS force of 0.0017 au) [37] followed by a final optimization at the B3LYP/6-311+G(d,p) level of theory. Frequencies were scaled by 0.989 to obtain the zero-point energy (ZPE). Using B3LYP/6-311+G(d,p) optimized geometries, single-point energy calculations were performed with a 6-311+G(2d,2p) basis set using two density functional theory (DFT) approaches (B3LYP and M06) [40] , and second-order Möller-Plesset theory (MP2(full) [41] [42] [43] [44] [45] , where full indicates correlation of all electrons). Corrections for basis set superposition errors were included at the full counterpoise (cp) limit [46, 47] . For the B3LYP and M06 levels, empirical dispersion functions were employed for the single point energy calculations and set to the D3 version of Grimme dispersion (GD3) with Becke-Johnson (BJ) [48] damping and GD3 [49] , respectively. Single point energy calculations for radicals using the MP2(full) level of theory, with and without cp corrections, were done using the restricted open shell calculation method (ROMP2) to eliminate the effects of spin contamination [50, 51] . This is particularly important in the determination of BDEs using the MP2(full) level of theory resulting from homolytic bond dissociations, such as loss of NO 2 from O 2 NBnPy + discussed below.
Results and Discussion
Cross-Sections for Threshold Collision-Induced Dissociation TCID cross-sections were acquired for four substituted benzylpyridinium ions, R = p-OCH 3 , H, p-CH 3 , and p-NO 2 . This is a representative set that nearly spans the largest range of bond energies possible for this type of ion. As has been predicted in other work [1, 52, 53] , the heterolytic C-N cleavage between pyridine and substituted benzylium cations, reaction 1, is the lowest energy fragmentation observed for R = p-OCH 3 , H, and p-CH 3 . In contrast, TCID of p-nitrobenzylpyridinium (R = p-NO 2 ) shows a competing dissociation process having a similar threshold energy, as discussed in more detail below. Figure 2 shows the overlaid cross-sections for reaction 1 of the four studied thermometer ions. It can be seen that there is a systematic shift in the onset for this reaction as the para-substituent is altered but that the absolute magnitude of the process approaches a similar level at elevated energies for all four molecules.
CID Cross-Sections of Benzylpyridinium and p-Methylbenzylpyridinium
Within the energy range scanned, the only significant peaks observed in the CID of the benzylpyridinium (R = H) and p-methylbenzylpyridinium (R = CH 3 ) cations were the reactant (m/z 170 and 184, respectively) and fragment (m/z 91 and 105, respectively) ions resulting from the dissociation of the C-N bond between the pyridine and benzylium moieties, reaction 1. Modeling of these cross-sections using Equation 2 is shown in Figure 2 and can be seen to reproduce the data well throughout the threshold regions and to at least 6 eV. Optimized parameters of Equation 2 (σ 0 , n, and E 0 ) are given in Table 1 . Thresholds measured without including the time scale for dissociation (P d = 1) are also included in this table and can be seen to lie considerably above (~0.6 eV) the PSL values that account for this kinetic shift. Entropies of dissociation at 1000 K, ΔS † 1000, are also listed for these analyses. The large positive values (72-82 J/K mol) are characteristic of the loose PSL TSs involved.
CID Cross-Section of p-Methoxybenzylpyridinium
In addition to the expected fragmentation of reaction 1, the p-methoxybenzylpyridinium (R = OCH 3 ) cation (m/z 200) experienced further fragmentation at elevated collision energies, starting at approximately 7 eV in the CM frame, Figure 3 . These appear to be sequential dissociations of the primary CH 3 OBn + product ion with the following reactions proposed as the likely products in order of increasing appearance energy.
The intensities of these fragment ions are too small to allow any quantitative thermodynamic data to be extracted. Because these fragmentation pathways occur at a much greater energy than the main heterolytic C-N bond cleavage, these fragmentation pathways do not interfere with accurate modeling of the cross-section for reaction 1, as can be seen in Figure 2 . Optimized parameters of Equation 2 used in this modeling are given in Table 1 . Again analysis without accounting for the experimental time scale yields a threshold value about 0.4 eV above the value including the kinetic shift. This shift is smaller than 
CID Cross-Section of p-Nitrobenzylpyridinium
The p-nitrobenzylpyridinium (R = NO 2 ) cation (m/z 215) exhibits extensive dissociation as shown in Figure 4 . All of the dissociation pathways observed here match those previously mentioned by Zenobi and coworkers [52] , with the addition of the NO + product ion that was below the mass range accessible in this previous work. In both studies, the dominant fragmentation pathway remains reaction 1 (which produces m/z 136, O 2 NBn + ), but we find that a competing reaction has a similar threshold energy. This competitive process involves the loss of NO 2 (producing m/z 169, BnPy + ), given by reaction 7.
This decomposition pathway is consistent with previous experimental and theoretical observations that the nitrobenzene cation fragments by loss of the NO 2 group [54, 55] .
At energies above about 5 eV, additional fragmentation pathways forming ions at m/z 106 (C 7 H 6 O + , OBn + ), 90 (C 7 H 6 + , Bn + ), 78 (C 6 H 6 + ), and 30 (NO + ) are observed, as can be seen in Figure 4 . These additional pathways are thought to be subsequent fragmentations of the main fragment, O 2 NBn + , and not subsequent dissociations from the competing BnPy + fragment. This was inferred by the decrease in the m/z 136 fragment intensity at higher energies along with the identities of the fragment ions. The following reactions are proposed for these sequential fragmentations of the O 2 NBn + product ion in order of increasing appearance energy:
Then a further dissociation process of the secondary m/z 106 fragment results in the m/z 78 fragment, reaction 11.
Reaction 10 is a proposed to be a homolytic C-N bond cleavage between NO 2 and Bn moieties similar to that for reaction 7. Reactions 8 and 9 are thought to involve rearrangement of the NO 2 group similar to those found for other nitrobenzenes [55] . Here, we located the appropriate transition state, shown in Figure 5 , which forms the benzylnitrite cation that can dissociate by either homolytic or heterolytic cleavage of the O-NO bond, reactions 8 and 9, respectively. Results for this potential energy surface at three levels of theory are provided in Supplementary Table S6 .
The competition between reactions 1 and 7 in the nitrobenzylpyridinium cation dissociation complicates the determination of the threshold energy for reaction 1. Such competition can be included in Equation 2, as noted above. In this model, cross-sections for m/z 106, 90, 78, and 30 were added to the cross-section of m/z 136 so that these higher energy Figure 4 . Zero-pressure extrapolated CID cross-sections for p-nitrobenzylpyridinium cation as a function of kinetic energy in the center-of-mass frame (lower x-axis) and laboratory frame (upper x-axis)
fragmentations do not affect the competitive modeling. Assuming a loose transition state for the products of both reactions 1 and 7, a competitive model reproduces both cross-sections well in the threshold region. Optimized parameters of this model are included in Table 1 . Here the kinetic shift is quite large (1.3 eV), consistent with the larger absolute BDE for this system. Notably, if competition is not included, the threshold for the major pathway of reaction 1 does not change appreciably, 3.05 ± 0.12 eV with competition and 3.02 ± 0.11 eV without using competitive modeling, whereas that for reaction 7, changes appreciably, from 3.23 ± 0.22 eV when modeled independently to 2.70 ± 0.11 eV in the competitive model. In addition, the primary data can also be modeled to include the sequential dissociation pathways, reactions 8 and 9. Figure 6 shows that reproduction of all four channels over extended magnitude and energy ranges is realized. Here, the primary thresholds of reactions 1 and 7 decrease only slightly, by 0.01 and 0.05 eV, respectively, Table 1 . As shown in Figure 5 , reactions 8 and 9 are controlled by the rate-limiting TS(O 2 NBn + ), such that the threshold obtained for reaction 8 correlates with this energy. Thus, accurate thermodynamic information regarding the formation of the OBn + + NO and NO + + OBn products could not be obtained. However, the successful modeling of these multiple pathways help verify the assignments made above with regard to the mechanisms for the alternate dissociation pathways, reactions 8, 9, and 10, observed in the p-nitrobenzylpyridinium cation.
Experimental and Theoretical Results for C-N Bond Dissociation
As noted above, the threshold energies measured for reaction 1 (Table 1) can be equated with the BDEs because these reactions are limited by their product asymptotes. The BDEs increase as the substituent on the benzyl moiety changes from p-OCH 3 < p-CH 3 < H < p-NO 2 , as can be seen clearly in Figure 2 . Table 2 lists absolute energies at 0 K for the C-N bond dissociation calculated at three levels of theory: B3LYP-GD3BJ, M06-GD3, and MP2(full) both with (and without) cp corrections. As is often the case, cp corrections are small (<0.05 eV) for density functional approaches, but more substantial for MP2(full) (~0.28 eV) calculations. Our experimental results show the best agreement with the MP2(full)/6-311+G(2d,2p) results with cp corrections, which provide values within our experimental uncertainty for all species except for p-nitrobenzylpyridinium cation, Figure 7 . Both density functional approaches systematically underestimate these BDEs by about 0.3 eV. Without cp corrections, the B3LYP-GD3BJ and M06-GD3 levels of theory still underestimate the experimental results, whereas MP2(full) overestimates them.
There is a wide range of calculated BDEs for benzylpyridinium cations in the literature, as can be seen in Table 2 . Early literature values, such as those presented in the original survival yield method for calibrating the temperature of electrospray sources [4] , show large deviations from our experimentally obtained results, on the order of 0.6-0.9 eV. Later literature values using the HF ab initio method are slightly better although they still underestimate the threshold energies by~0.5 eV [9] . Later results using DFT methods, B3LYP and B3P86, are closer to our experimentally obtained values, but systematically underestimate them by 0.1-0.3 eV [9] [10] [11] . Notably, these calculations yield somewhat better results than the present DFT calculations even though they use a substantially smaller basis set, indicating that the better agreement is serendipitous. The literature values using the highest level of theory, CCSD(T)/6-311++G(d,p)//B3LYP/6-311++G(2d,p) with no cp corrections [8] , come closest to our experimental values and essentially reproduce our MP2(full) calculations, Table 2 and Figure 7 . These CCSD(T) values are within experimental uncertainty for all but the p-NO 2 substituent.
Overall, the comparisons of the present MP2(full) results and the literature CCSD(T) results with our experimental BDEs are quite satisfying. Mean absolute deviations (MADs) of about 0.1 eV are within the mean experimental uncertainty and the expected accuracy of the calculations. There is no obvious reason that either the experiment or the theory would be systematically in error for the p-NO 2 substituent, although one can imagine that the very strong inductive effects might be difficult to describe theoretically. It is also worth noting that the agreement between experiment and theory disappears if the threshold values that do not include consideration of kinetic shifts are used.
Because the lower levels of theory systematically underestimate the experimental BDEs for the benzylpyridinium cations, it can be realized that previous studies using such calculations to determine the temperature of their ions are systematically incorrect. In all cases except those utilizing the CCSD(T) values, the characteristic temperatures found are too low, by amounts that vary depending on which particular level of theory was chosen for comparison. Figure 7 . Bond dissociation energies (eV) for C-N cleavage of RBnPy + determined experimentally (solid circles) and theoretically (open symbols). Theoretical values calculated here include MP2(full) (red squares), M06-GD3 (inverted green triangles), and B3LYP-GD3BJ (purple triangles) using the 6-311+G(2d,2p) basis set including cp corrections and B3LYP/6-311+G(d,p) optimized geometries and frequencies. Open blue diamonds indicate the CCSD(T) results from the literature [8] Theoretical Calculations of p-Nitrobenzylpyridinium NO 2 
Loss and Sequential Dissociation Pathways
The relative energies at 0 K for the NO 2 loss from p-nitrobenzylpyridinium (reaction 7) are listed in Table 2 at three levels of theory. As can be seen, the theoretical BDE for this dissociation process is very close in energy to the theoretical C-N bond dissociation (reaction 1), within 0.15 eV and both higher (DFT) and lower (MP2(full)). It can be seen that all three of the cp corrected values for NO 2 loss to form BnPy + agree within the uncertainties with our experimental value obtained from a competitive analysis of this channel using Equation 2. This threshold is measured to be lower than that for reaction 1, which agrees best with the MP2(full) results. For the sequential dissociation pathways, reactions 8 and 9, the calculations indicate that both channels are limited by TS(O 2 NBn + ), such that the asymptotic energies of the products lie below this TS. Thus, the threshold measured for reaction 8 using the sequential model, 4.56 ± 0.12 eV, should be compared with calculations for this TS, which range from 4.03 (M06-GD3) to 4.34 (MP2(full)) eV including cp corrections in the O 2 NBn + + Py asymptote. Clearly, the MP2(full) result agrees well with the experimental value, whereas the DFT levels underestimate this TS energy.
Experimentally Measured BDEs versus Hammett Constants
Reactivity of substituted aromatic rings is generally explained by considering field effects and resonance effects of the substituent [56] . The combined effects of different substituents are generally approximated quantitatively using Hammett constants, σ P [57] . De Pauw and coworkers have proposed that for benzylpyridinium cations, the use of Hammett-Brown constants (σ P + ) is more appropriate, as the primary determining factor in the C-N bond dissociation is resonant stabilization of the positive charge over the benzyl cation [34, 58, 59] . A plot of our experimental BDEs versus Hammett and Hammett-Brown constants is shown in Figure 8 . Our results confirm that Hammett-Brown constants provide a more quantitative prediction of the trends in the BDEs of benzylpyridinium ions than Hammett constants. Furthermore, the excellent linearity of this plot suggests that the trends in the experimental BDEs are accurately assessed.
These correlations may also permit an independent evaluation of whether the experimental or theoretical value for the BDE of the p-nitrobenzyliumpyridine cation is more accurate. A plot of either the CCSD(T) or MP2(full) theoretical values in Table 2 versus Hammett-Brown constants (Supplementary Figure S2 ) exhibit more curvature than that for the experimental BDEs, with correlation coefficients (R 2 ) of 0.96 for each. Notably, the value for p-NO 2 deviates from a line established by the other three BDEs, in contrast to the correlation observed with the experimental data, Figure 8 . These correlations provide some evidence that the experimental BDEs are more accurate than the theoretical values.
Heating of Ions In-Source
In addition to measuring the BDEs for reaction 1, we wanted to determine if we could detect a rearrangement process from benzylium (Bn + ) to tropylium (Tr + ) cations prior to dissociation, as has been suggested in recent studies [10, 12] , in particular for the R = p-CH 3 species. By imparting additional internal energy to the reactant ions in the source, there should be an increased probability of the rearrangement process occurring for the RBnPy + ions to RTrPy + . Because the tropylium cations are more stable than the benzylium cations (by 20-40 kJ/mol) [12] , a shift in the observed threshold energy for reaction 1 should be apparent. The method we used to increase the internal energy of ions in our source has been described previously [19] . Briefly, a voltage differential across electrodes in the hexapole region of the instrument was increased to induce in-source fragmentation of the parent CH 3 BnPy + ion (m/z 184). We monitored the main fragment signal intensity (CH 3 Bn + , m/z 105) while increasing the electrode voltage until the parent signal roughly halved, representing an in-source fragmentation of 50%. The hexapole trapping voltage was increased from a standard rf voltage of 300 V to 400 V peakto-peak to collect and further excite the thermalized ions. As before, the CH 3 BnPy + parent ions were then mass selected using the momentum analyzer, and collided with Xe in the octopole reaction cell. The cross-section for reaction 1 was obtained and analyzed as before. As shown in Supplementary Figure S3 , no discernable change in the CID cross-section was observed. Cross-sections of excited ions were obtained using the same method for R = H and R = OCH 3 , and neither showed any effect. We were unable to perform such an analysis for R = NO 2 because in-source fragmentation of this strongly bound ion was inefficient. The results for R = H, p-CH 3 , and p-OCH 3 suggest that if there is a benzylium to tropylium cation rearrangement, it must occur after dissociation of the pyridine in reaction 1. This result corresponds to recent findings for p-tertbutylbenzylpyridinium cation (R = t-C 4 H 9 ) using infrared multiple photon dissociation (IRMPD) spectroscopy, which show that the rearrangement process from benzylium to tropylium ions occurs after dissociation [60] .
Survival Yield Method to Determine In-Source Temperature
Using the survival yield (SY) method described in other studies [4, 9, [61] [62] [63] , we wanted to determine the characteristic temperature (T char ) of our electrospray ionization source. To do this, we measured the SY of the four RBnPy + species studied using Equation 12 ,
where I M þ is the peak intensity of the parent ion (RBnPy + ) and I F þ is the peak intensity of the fragment ion (RBn + ) emitted from the source. In these cases, the parent and fragment ions were selected with the magnetic sector, the Xe collision gas was not present in the octopole region, the quadrupole mass filter was operated in rf-only mode, and the background intensities without analyte were assumed to be negligible. In the case of p-nitrobenzylpyridinium, the extensive alternate fragmentation pathways complicate its use as a 'thermometer ion', as suggested by some researchers [8, 11, 52] . Here, when accounting for fragments using the SY method, a better approximation would be to calculate survival yields with consideration of all fragment ions observed. In the present case, however, none of the additional fragmentation pathways were included in the calculation of the survival yield because the ion signals for these fragmentations were too small to observe at our source temperature.
The SY values were plotted against our experimentally measured BDEs along with two arbitrary points, (BDE,SY) = (0,0) and (5,1), added for fitting purposes only, Figure 9a . It is clear that the temperature of our source is reasonably low as even the most delicate benzylpyridinium cation, R = OCH 3 , exhibited a SY of 0.898 ± 0.015, whereas those with stronger BDEs dissociated even less in the source: SY = 0.970 ± 0.005, 0.952 ± 0.007, and 0.9997 ± 0.0005 for R = p-CH 3 , H, and NO 2 , respectively. As commonly practiced, a three-parameter sigmoid function was fit to the data points using Equation 13 ,
where A, B, and x 0 are fitting parameters. The derivative of this function (Equation 14) was plotted to give the approximate distribution of ion temperatures in our source.
From this distribution, the average internal energy of the ions can be estimated to be 1.35 ± 0.05 eV. To determine the characteristic temperature of the source, T char , MaxwellBoltzmann (MB) distributions for the four studied benzylpyridinium ions yielding average internal energies of 1.35 ± 0.05 eV were calculated. Because each substituent changes the vibrational and rotational degrees of freedom, the determined T char value is dependent upon which RBnPy + species is used to calculate the MB distribution. This is shown in Figure 9b , although the distinctions between the various substituents are small, with characteristic temperatures varying from 624 ± 32 K (R = OCH 3 ) to 692 ± 35 K (R = H). (The MB distribution for R = NO 2 at 631 ± 32 K is not shown because it overlays that for R = CH 3 .) Furthermore, this comparison is flawed because the symmetric sigmoidal curve does not accurately reproduce a true MB distribution, as is Figure 9b . The major difficulty in this evaluation is the limited degree of fragmentation observed for even the most weakly bound thermometer ion, such that a more definitive fit of the SYs cannot be achieved.
It should be noted that this survival yield approach does not account for the fact that the ions generated in the source have a finite amount of time to dissociate before they are analyzed (or in our case, thermalized). As suggested by Collette et al. [53] , one means of correcting for this is to include this kinetic shift by plotting SY versus E app rather than versus E 0 , where E app is the energy threshold needed for the ion to dissociate on the time scale of the experiment [9] . In our apparatus, calculations were performed regarding the time scale available for dissociation in the source region. These calculations indicate that the ions rapidly undergo thermalization in the ion funnel region, and more thoroughly in the hexapole region. This conclusion was confirmed by previous studies [16] as well as observations here that the survival yields did not vary with the voltage gradient across the ion funnel. Therefore, the time available for dissociation of the ions corresponds to the time spent in the capillary, τ cap~1 0 -4 s. The E app values are then from k tot (E app ) = 1/τ cap using the information in Supplementary Figure S1 . This leads to E app values of 2.47 ± 0.15, 3.05 ± 0.26, 3.46 ± 0.30, and 4.68 ± 0.29 eV for R = OCH 3 , CH 3 , H, and NO 2 , respectively. The resulting SY versus E app plot is shown in Supplementary Figure S5 and yields an average internal energy of 1.68 ± 0.10 eV. The characteristic temperature rises by about 80 K, T char (R = CH 3 ) = 725 ± 23 K, compared with the analysis shown in Figure 9a . For the remainder of the paper, the simpler SY approach is utilized for convenience, but inclusion of the kinetic shift should increase the characteristic temperatures by about 80 K.
An alternative approach to determining T char is to match the SY for the most weakly bound ion, CH 3 OBnPy + , with its MB distribution as truncated at its experimentally measured BDE, 1.93 ± 0.08 eV. This method is shown in Figure 10 , where T char was determined to be 642 ± 34 K. This falls within the range of values determined using the SY method of Figure 9 .
Factors Affecting T char
Given that different factors within a mass spectrometer source can have substantial effects on the characteristic temperature of that source [9] , it is particularly imperative in our TCID experiments that we account for any additional internal energy that ions in our source might acquire. Other studies have shown that two major factors affecting T char in an ESI source are the capillary temperature [64] and the solution used for solvation [4] . Our source is different from many other ESI sources in that it has a thermalizing region that reduces any internal energy gained during the ESI process to approximately room temperature (300 K) [16] . If this were not the case, we should be able to witness a shift in the TCID threshold by altering the capillary temperature and solvation solution. As shown in Supplementary Figure S4 , no change in the cross-section for reaction 1 (R = OCH 3 ) was observed by altering the capillary temperature from 130°C to 80°C or by changing the solvation solution Figure 9a . These two measurements were not done at the same time, and thus these differences represent a better measure of the absolute uncertainty associated with the SY determination of any single measurement. Although the source conditions were the same in all respects that could be controlled, these differences indicate that the temperature of the ion source is subject to other less controlled aspects, which could include capillary cleanliness, state of the vacuum pumping, humidity in the atmosphere, atmospheric pressure, etc.) On the basis of the truncation of a MB distribution at 1.93 ± 0.08 eV, this means the ions were cooled from 618 K to 597 K to 568 K (all with ± 25 K uncertainties), respectively. Likewise, it can be realized that data like that of Supplementary Figure S3 represents even hotter ions (for R = p-OCH 3 , T char = 765 ± 32 K for SY0
.5, Figure 10 ), yet their TCID behavior is identical to the much milder source conditions. This leads to an important conclusion regarding the characteristic temperature (T char ) of an ESI source. Using the survival yield method approximates the internal temperature of the source at its hottest location but does not account for the fact that the temperature can be reduced prior to injection and subsequent fragmentation in the mass spectrometer.
To investigate this point further, we reanalyzed our CID data for the four benzylpyridinium ions (Figure 2) Table 1 . These values are drastically inconsistent with the theoretically determined values for these reactions and the values from the literature, Table 2 , with MADs of 0.9 eV from the MP2(full) and CCSD(T) values (even larger for other levels). This reaffirms the conclusion that although there is a point in our source that exhibits a temperature higher than 300 K (which accounts for SYs of benzylpyridinium ions that are less than 1.0), the thermalizing region efficiently reduces the internal energy of the reactant ions to approximately room temperature, as previously demonstrated using other types of comparisons [8, 10-12, 52, 60] .
Influence of Competitive and Sequential Dissociations on Survival Yields
As previously discussed by Zenobi and coworkers [52] , sequential and competitive dissociation pathways, such as those for reactions 7-11 in the p-NO 2 system, complicate calculations of the survival yield for such molecules. In agreement with the conclusions of Zenobi and coworkers, signals for fragment ions resulting from sequential dissociation of the main RBn + fragment (reactions 8-11) should definitely be added to the signal for RBn + in order to accurately capture the extent of fragmentation associated with cleavage of the C-N bond. This conclusion is illustrated in Figure 4 , which shows that the total cross-section (σ tot ) behaves smoothly as energy increases, consistent with the idea that the major high energy fragments result directly from further dissociation of the primary O 2 NBn + cation. The modeling of Figure 6 further substantiates this conclusion. Note that the total crosssection and the cross-section for O 2 NBn + differ by nearly a factor of two at the highest energies shown, such that failing to account for the sequential dissociation can lead to errors in calculation of the extent of Bsurvival^by factors approaching this. In contrast, because reaction 7 parallels the main reaction 1, it should be treated differently, a factor that Zenobi and co-workers did not consider. Because reaction 7 does not involve cleavage of the benzylium-pyridine C-N bond, the energetics associated with this process cannot be representative of the BDE used to calibrate the temperature of the ions. Indeed, our analysis of this process shows that it actually has a lower threshold energy (Table 1 ) (but is clearly entropically disfavored, Figure 4 ), such that it depletes the parent ion. In this case, the signal associated with reaction 7 (BnPy + ) should be added to the RBnPy + parent ion signal, rather than the RBn + signal, in order to achieve the most accurate representation of the temperature of the ions. Note that the effects of such low energy pathways distorting the survival yield analysis are particularly acute in ion sources where multiple low-energy collisions can lead to dissociation of the parent ion, as these processes favor the lowest energy pathway available.
Comparison to Previous Experimental Results
After submission of this work, we became aware of a study by Gatineau et al. [65] in which kinetic energy-dependent TCID results were obtained using a quadrupole-hexapole-quadrupole commercial instrument and analyzed using the MassKinetics program [66] . Values for the bond energies for reaction 1 with R = p-OCH 3 , p-CH 3 , p-Cl, and p-CN were obtained experimentally and depended on the collision gas used (Ar or Xe) and assumptions made about the efficiency of energy transfer, which introduces an uncertainty of about 0.1 eV in addition to uncertainties in individual values of 0.1 to 0.3 eV. Overall, the experimental values obtained are about 0.5 eV lower than the CCSD(T) theoretical results and thus also for the two cases examined experimentally here, R = p-OCH 3 and p-CH 3 , although relative threshold energies match theoretical predictions. Gatineau et al. suggest that this 0.5 eV shift is the result of a Bkinetic, rather than an energetic, bottleneck,^an explanation that the present results demonstrate is incorrect. The ability to model our data with a PSL loose TS and obtain meaningful absolute bond energies shows that the true TSs for reactions 1 correspond to the asymptotic product limits, i.e., energetic bottlenecks. This conclusion is expected for such a heterolytic bond cleavage [36] and is in direct accord with the calculations of deBord et al. [8] . This conclusion means that the low experimental threshold values obtained by Gatineau et al., despite their careful consideration of many experimental issues, ultimately must be related to using commercial instrumentation where the ion source temperature, zero, and distribution of the collision energies, collision region, and number of collisions are not well defined. In particular, because the collision cell extends to the ends of the hexapole, collisions occur in the deceleration/acceleration regions coming before and after the collision region (which were not accounted for by the background correction method employed in this work). Further, inadequate pumping means that the N 2 gas used for thermalization in the source is also present in these regions. These uncontrolled collisions are undoubtedly the main cause of the large Btailsô bserved in the cross-sections at low energies (in contrast to the absence of such in Figure 2 ). In addition, Gatineau assumed a transition state that is too tight (taken from the calculations of deBord et al.), leading to a larger kinetic shift (and therefore lower threshold energy). Overall, because these various experimental and modeling difficulties are systematic, reasonable relative energies may be obtained (as pointed out by Gatineau et al.) , but the absolute threshold energies obtained are not related to the intrinsic properties of the systems.
Conclusion
The kinetic energy-dependent dissociation cross-sections for four benzylpyridinium Bthermometer^ions have been measured using a guided ion beam tandem mass spectrometer. Benzylpyridinium, p-methylbenzylpyridinium, and p-methoxybenzylpyridinium cations showed only the expected simple, direct cleavage fragmentation pathway of reaction 1 at low collision energies, whereas the p-nitrobenzylpyridinium cation showed a wider range of fragmentations, including a competing homolytic fragmentation pathway involving the loss of a NO 2 radical. Analyses of the cross-sections for reactions 1 yield bond dissociation energies for cleavage of the C-N bond. These experimental results have been compared against theoretical calculations performed here and in the literature. Our experimental results show the best agreement with literature values obtained at the highest level of theory used, CCSD(T), which match our computationally less expensive MP2(full) calculations with counterpoise corrections. Although some deviation is observed between experiment and theory for the p-nitrobenzylpyridinium cation BDE, HammettBrown constants suggest the experimental results are more accurate. Evidence for a possible isomerization of the benzylium moiety to the more stable tropylium was looked for in the first three cases, but not found. Evaluation of our ESI source using the survival yield method demonstrates that the source reaches an effective temperature near 650 K, but ions are efficiently rethermalized to 300 K by collisions in the rfhexapole region of the source.
Associated Content
Supplemental Information Supplementary Tables S1-S5 provide molecular constants for reactants and products of reactions 1 and 7. Supplementary Table S6 lists the relative energies at three levels of theory for the potential energy surface in Figure 5 . Supplementary Figure S1 shows RRKM rate coefficients as a function of energy for all four benzylpyridinium cations. Supplementary Figure S2 shows a Hammett-Brown plot of the theoretical MP2(full) and CCSD(T) BDEs. Supplementary Figures S3 and S4 show the overlaid cross-sections for collision-induced dissociation of p-methylbenzylpyridinium and p-methoxybenzylpyridinium cations, respectively, under the different source conditions described in the main text. Supplementary Figure S5 shows the survival yield versus E app plot and analysis.
